Abstract Forest soil organic carbon (SOC) is one of the largest reservoirs of terrestrial carbon (C) and is a major component of the global C cycle. Yet there is still uncertainty regarding how ecosystems, and the SOC they store, will respond to changes due to anthropogenic processes. Current and future reactive nitrogen (N) deposition to forest soils may alter biogeochemical processes and shift both the quantity and quality of stored SOC. We studied SOC storage and molecular-level composition after 22 years of N additions (100 kg N ha -1 y -1 ) in a temperate deciduous forest. SOC storage in surface soils increased by 0.93 kg m -2 due to a decline in microbial biomass (phospholipid fatty acids) and litter decomposition. N additions resulted in the selective preservation of a range of plant-derived compounds including steroids, lignin-derived, cutin-derived, and suberin-derived compounds that have anti-microbial properties or are non-preferred microbial substrates. This overall shift in SOC composition suggests limited sustainability and a decline in soil health. The reduction in microbial biomass and increase in specific SOC components demonstrate that long-term N fertilization negatively alters fundamental C cycling in forest soils. This study also demonstrates unequivocally that anthropogenic
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Introduction
Forest soil organic carbon (SOC) is one of the largest terrestrial carbon (C) pools (* 383 9 10 15 g; Pan et al. 2011 ) that regulates global and regional C, nutrient and pollutant cycling, and controls C feedback to climate change (Schmidt et al. 2011; Lehmann and Kleber 2015) . Soil C dynamics are strongly coupled to nitrogen (N) cycling, and the prolific use of fertilizers and fossil fuels has increased reactive N deposition globally (* 150 9 10 12 g y -1 ) into soils (Lamarque 2005; Galloway et al. 2008 ) well above pre-industrial levels. Although there has been a reduction in N emissions and deposition in much of Europe and the United States (Waldner et al. 2014; Li et al. 2016) , with resulting decreases in wet deposition (Du et al. 2014 ), large increases in N deposition rates are observed in other regions, particularly in Asia (Vet et al. 2014) . Furthermore, increasing deposition of reduced nitrogen forms indicate that atmospheric deposition of nitrogen will continue to result in ecosystem-level inputs that exceed critical loads to forest ecosystems (Pardo et al. 2015) .
It is currently unclear how and to what extent longterm N inputs to soils from anthropogenic processes will alter forest SOC storage and C biogeochemical cycling (Aber et al. 1998; Gallo et al. 2005; Zak et al. 2017 ) and consequently alter ecosystem services. To date, studies have reported varying results, with N additions increasing, decreasing or causing no change in forest SOC storage (Janssens et al. 2010; Lu et al. 2011; Frey et al. 2014; Yue et al. 2016) . SOC content and composition is controlled mainly by both plant inputs and microbial processing and degradation of SOC (Schmidt et al. 2011; Lehmann and Kleber 2015) . Although N fertilization can stimulate plant growth and increase litterfall (Yue et al. 2016) , it can also accelerate or slow down microbial processing of plant residues (Hobbie et al. 2012; Xia et al. 2017) , thus altering SOC chemistry. Given the complexity of C cycling processes that influence soil biogeochemistry, and the importance of C chemistry in controlling nutrient availability, providing energy to soil microand macro-biota, and in regulating soil C sequestration, there is a critical need to use sensitive chemical characterization methods to understand how long-term N deposition may alter the molecular-level composition of SOC and biogeochemical controls on SOC accrual and turnover (Schmidt et al. 2011; Lehmann and Kleber 2015) . Furthermore, responses of SOC to N additions are to date derived mostly from relatively short-term N-fertilization experiments (\ 10 years of treatment) or limited types of SOC investigations (Feng et al. 2010; Liu et al. 2016; Pisani et al. 2015; Wu et al. 2015; Zak et al. 2017) . Here, we hypothesize that there are indeed compound-specific SOC responses to long-term N fertilization that depend on the initial molecular size, source, and turnover of SOC. To test this hypothesis, we quantified SOC storage and composition with soil depth after 22 years of N fertilization (100 kg N ha -1 y -1 as of NH 4 NO 3 ) in a temperate deciduous forest in Meadville, Pennsylvania, USA. A range of sensitive and targeted microbial-and plant-derived compounds were analyzed in O, A and B horizons. This included the isolation and quantification of lipids and other small molecules as well as compounds derived from cutin, suberin and lignin as well as microbial-specific phospholipid fatty acids (PLFAs) using gas chromatography-mass spectrometry (GC-MS). In addition, non-targeted solid-state 13 C nuclear magnetic resonance (NMR) spectroscopy was used to measure potential shifts in the overall SOC composition.
Materials and methods

Site description and soil sampling
The nitrogen (N) fertilization experiment at the Allegheny College Bousson Environmental Research Reserve in northwestern Pennsylvania (41°36 0 N, 80°2 0 W) was started in 1994. This 80-year-old forest is an N-rich site dominated by black cherry (Prunus serotina; 60% of the aboveground biomass) and sugar maple (Acer saccharum; 28% of the aboveground biomass (Bowden et al. 2000; Chan et al. 2005) ). Litterfall is 2.1 Mg C ha -1 y -1 and total soil N (to 60 cm) is about 10,000 kg N ha -1 . The soils are Alfisols (a silty-loam texture) and are moderately well drained with a bulk density of 0.52 ± 0.01 g cm -3 , pH of 4.0 and a cation exchange capacity of 3.73 cmol c kg -1 in the upper 15 cm of the mineral soil. Alfisols cover 13.5% of ice-free land area and contain 8% of soil C globally (Eswaran et al. 1993; Pries et al. 2017) . Invasive, non-native earthworms are not observed at this site, either at the surface or in soil pits.
There are three control and three N-fertilized 15 9 15 m plots. Ammonium nitrate (NH 4 NO 3 ) is added in six aqueous additions using a backpack sprayer during the growing season, from May/June through August/September each year with an annual rate of 100 kg N ha -1 y -1 (Bowden et al. 2000) . The application rate was selected to (1) accelerate atmospheric N deposition and examine potential changes in forest responses to long-term N deposition, and (2) be comparable to addition rates in a similar N-addition study at the Harvard Forest Long-Term Ecological Research site (Bowden et al. 1990 ). When the study was initiated (1994) total inorganic wet N deposition was 6.1 kg N ha -1 y After surface litter removal, soils from O horizon (depth of approximately 1-3 cm), A horizon (depth of approximately 3-8 cm), and top 10 cm of the B horizon were collected from two 20 9 20-cm-area soil blocks within each plot on May 9, 2016. Therefore, six soil blocks (two blocks in each of the three plots) were collected from both control and N-fertilized plots and they were analyzed individually. All samples were sieved (2 mm), lyophilized, ground with a ball mill before chemical analyses. The dried mass of each horizon of each soil block was weighed and recorded. Soil pH (determined in deionized water) after 21 years of N amendment indicated a slight decline in both the O and A horizons (unpublished data) . With N addition, soil pH decreased from 4.19 ± 0.31 (control plots) to 3.69 ± 0.13 (N amended plots) in the O horizon and from 3.97 ± 0.31 (control plots) to 3.54 ± 0.08 (N amended plots) in the A horizon.
Total carbon (C) and nitrogen (N) and soil fractionation The total C and N contents in soils were determined with a Thermo Flash 2000 elemental analyzer. A subset of mineral soil samples (A and B horizons) were fractioned by density using sodium polytungstate following Sollins et al. (2006) and divided into three pools including light (\ 1.85 g cm -3 ), aggregate (1.85-2.4 g cm -3 ), and heavy ([ 2.4 g cm -3 ) fractions (Hatton et al. 2012 ).
Biomass production and decomposition
Litterfall was collected monthly from two 1.0 m 2 litter collectors on each plot and dried at 105°C for 48 h. Three 15 9 15-cm-area soil samples from each plot for root mass analysis were collected in autumn of 2010 in the manner described previously (Bowden et al. 2014) , with the exception that the B-horizon soils were collected using a gas-powered 9.62-cm diameter diamond-bit stainless steel soil corer (Earthquake, 9800B). Roots (0-1 mm dia.) were removed from each soil sample by hand, and dried at 105°C for 48 h. Aboveground tree growth was estimated by measuring tree diameters at 1.35 m, and applying species-specific biomass equations (Tritton and Hornbeck 1982) for each of the trees on the plots.
Leaf litter samples for decomposition estimates were collected from 9 m 2 catchment screens placed in the middle of each nitrogen addition plot and on the outside edge of each control plot and were homogenized by treatment. Leaf pack composition for mixed litter bags was determined through an autumnal collection in 2014 of litter caught in two 1.0 m 2 screens per plot, dried for 48 h at 105°C, and sorted to species. Litter bags (20 9 30 cm for leaves, 0.18 mm 2 mesh no-see-lm netting) contained the air-dried equivalent of 2.0 g of 105°C-dried leaf litter. Four bags for each of black cherry (Prunus serotina), sugar maple (Acer saccharum), or mixed leaf litter (53.8% sugar maple, 29.5% black cherry, 16.7% beech (Fagus grandifolia)) were deployed per plot in each treatment, in mid-October 2015, the time of maximum autumnal litterfall. Litter bags were placed directly atop the O horizon and were buried under the leaves. Bags were collected in October of the following year; litter was oven-dried for 48 h at 105°C and weighted.
Targeted organic matter compound analysis by gas chromatography-mass spectrometry (GC-MS) Specific organic matter compounds with various microbial-and plant-derived sources were isolated and quantified using GC-MS. PLFAs were extracted by a modified Bligh-Dyer method and analyzed by GC-MS (Frostegård and Bååth 1996) . Briefly, 0.5-2.5 g soil samples (depending on the C content) were extracted using 16 ml of methanol, 8 ml of chloroform, and 6 ml of 0.15 M sodium citrate buffer (acidified to pH 4). The lipid extract in CHCl 3 phase was collected after centrifugation and separation. The lipid extract was then fractionated into neutral, glycol, and polar lipids with 10 ml of CHCl 3 , 20 ml of acetone, and 10 ml of CH 3 OH, respectively by silica column chromatography. The PLFAs in the polar fraction were concentrated, dried by N 2 gas, and derivatized into methyl esters. The methyl esters were extracted with 5 ml of hexane and chloroform mixture (4:1, v/v) three times, dried under N 2 gas in a 2 ml glass vial. Extracts were derivatized prior to analysis by GC-MS (Feng and Simpson 2009) .
Acyclic lipids, plant-derived steroids, sugars, as well as the cutin-, suberin-, and lignin-derived compounds were sequentially extracted by dichloromethane/methanol extraction, base hydrolysis and CuO oxidation, respectively and analyzed by GC-MS using established methods (Otto and Simpson 2007; Otto et al. 2005) . First, 0.1-1.0 g of soil sample (depending on the C content) was sonicated with 30 ml dichloromethane, dichloromethane and methanol mixture (1:1, v:v), and methanol (each for 15 min). The combined solvent extracts were then filtered through Whatman GF/A and GF/F glass filters, concentrated by rotary evaporation, and dried by N 2 gas in a 2 ml glass vial. Second, the solvent-extraction residues were air dried and base hydrolyzed with 20 ml of 1 M methanolic KOH at 100°C for 3 h. The extracts were sonicated twice with 15 ml dichloromethane:methanol (1:1, v:v), centrifuged and acidified to pH 1. The combined supernatants were rotary evaporated, and the hydrolysable lipids were liquidliquid extracted three times with 30 ml diethyl ether. The extracts were dried with Na 2 SO 4 , concentrated by rotary evaporation, and dried by N 2 gas in a 2 ml glass vial. Finally, the base hydrolyzed residues were air dried and oxidized with 1 g CuO, 100 mg ammonium iron (II) sulfate hexahydrate [Fe(NH 4 ) 2 (SO 4 ) 2 Á6H 2 O] and 15 ml of 2 M NaOH in Teflon lined bombs at 170°C for 2.5 h. The extracts were acidified to pH 1 and kept for 1 h at room temperature in the dark to prevent the polymerization of cinnamic acids. Then, the supernatants were solid-phase extracted using HLB cartridges and dried with anhydrous Na 2 SO 4 . The extracts were concentrated by rotary evaporation and dried by N 2 gas in a 2 ml glass vial and then derivatized prior to GC-MS analysis Simpson 2006, 2007) .
All compounds were analyzed by GC-MS using an Agilent 7890B gas chromatograph equipped with a 5977B mass spectrometer with electron impact (70 eV) ionization. Samples (1 ll) were injected at an inlet temperature of 280°C onto a HP-5MS fused silica capillary column (30 m 9 0.25 mm i.d. 9 0.25 lm film thickness). The oven temperature program was: 65°C for 2 min, followed by an increase of 6°C min -1 to 300°C, followed by a 20 min isothermal hold. The carrier gas (helium) flow rate was 1 ml min -1 . Data acquisition was performed using Agilent Mass Hunter GC-MS Acquisition (version B.07.03.2129) and data were processed using Agilent Enhanced ChemStation software (version E.02.02.1431). External standards were used for quantification: tetracosane (analytical standard grade, Sigma-Aldrich), 1-docosanol (approximately 98%, Sigma-Aldrich), methyl tricosanoate (analytical standard grade, Fluka Analytics) and ergosterol ([ 75%, Sigma-Aldrich) for solvent extracts; methyl tricosanoate for base hydrolysis products; and syringic acid (minimum 98%, Sigma-Aldrich) and syringaldehyde (98%, Sigma-Aldrich) for copper oxidation products. Compounds were identified using Wiley Registry (9th edition) plus NIST (2008) mass spectral databases, mass spectral library of soil compounds, and published mass spectra. Mean and standard errors of six replicates were calculated for each soil horizon of either the control or N-fertilized plots.
Solid-state 13 C nuclear magnetic resonance (NMR) analysis Solid-state 13 C nuclear magnetic resonance (NMR) analysis was performed to assess changes in C chemistry. The mineral soil samples from A and B horizons were repeatedly extracted with hydrofluoric acid (0.3 M), rinsed with deionized water, and lyophilized to concentrate the organic matter for better detection by 13 C NMR (Schmidt et al. 1997 ). The soils from O horizon and HF-washed soils from A and B horizons were characterized by solid-state 13 C cross polarization magic angle spinning (CPMAS) NMR. Solid-state 13 C NMR spectra were collected using a 500 MHz Bruker BioSpin Avance III spectrometer equipped with a 4 mm H-X MAS probe, using a ramp-cross-polarization pulse program with a spinning rate of 11 kHz, a contact time of 1 ms, and a recycle delay of 1 s (Conte et al. 2004) . Four regions of the 13 C NMR spectra were defined and calculated for their relative abundance (Baldock et al. 1992) : (1) alkyl C (0-50 ppm; from cutin, suberin, lignin, lipids, and amino acid side chains), O-alkyl C (50-110 ppm; from carbohydrates, peptides, and methoxyl C in lignin), aromatic ? phenolic C (110-165 ppm; from lignin and amino acids found in peptides), and carboxyl ? carbonyl C (165-210 ppm; from fatty acids and peptides).
Statistical analyses
One and two-way analyses of variance (ANOVA) with Tukey's posthoc comparison were used to examine the main and interactive effects of N fertilization and soil horizon on the soil chemical properties (i.e., C and N contents and concentrations and/or ratios of SOC components) and effects of N on litter decomposition. Root litter mass change after 1 year was assessed with a paired t test. Because the N fertilization often interacted with the soil horizon to affect the soil chemical properties, analyses of simple main effects for N fertilization in each soil horizon were also conducted. The main and simple main effects of N fertilization were considered as significant when P \ 0.05. Two-tailed Pearson correlations were conducted to explore the relationships among soil chemical properties. Detailed data and statistical results are available in Tables S4-S6 .
Results
Total carbon (C) and nitrogen (N) and soil density fractions
With long-term N-fertilization, total soil C content increased significantly in both the O and A horizons respectively (Table 1) . Total N content did not significantly differ in all soil horizons (Table 1) . As such, the N-additions only impacted total soil C content but not the N content in this forest. In the O horizon, total soil C content increased from 22.2 to 30.2% with N-addition relative to the control plots. In the A horizon, soil C content increased from 6.77% (control) to 10.06% with N-fertilization. Soil C content did not change significantly in the B horizon (Table 1 ). Soil C storage in each horizon was calculated from the product of soil C content (with units converted from % to kg-C kg-soil -1 ) and the soil mass of a horizon (in kg-soil m -2 ). Overall soil C storage in the O, A, and B horizons increased 17%, from 5.32 ± 0.71 kg m -2 in the control plots to 6.25 ± 0.34 kg m -2 in the N-fertilized plots (P = 0.27; Fig. 1 ). Soil C storage (in kg-C m -2 ) increases were horizon-specific as most of the accrual occurred in the O horizon (an increase of 90% compared to the control; P = 0.001), followed by the A (?11%; P = 0.64) and B (?6%; P = 0.66) horizons ( Fig. 1; Table 2 ).
Both A and B horizons were separated into density fractions to determine any changes in C distribution amongst different pools with long-term N-addition. The light fraction increased significantly in the A horizon and contained more than twice as much C compared to the control (Fig. 2) . This shift in C distribution indicates that more plant-derived C accumulated in the light fraction with long-term N-enrichment. The distribution in soil C did not change significantly amongst the other density fractions in either the A or B horizon (Fig. 2) demonstrating that long-term N-fertilization impacted the processing of plant-derived inputs.
Biomass production and decomposition
Litterfall and root biomass were monitored to determine changes in plant-derived inputs with N-enrichment (Fig. 3) . Interestingly, no significant differences were observed in litterfall flux, aboveground production, and fine root mass in the O and A horizon (Fig. 3) . Fine root mass was observed to increase in the B horizon (Fig. 3) indicating the potential for increased root-derived inputs deeper within the soil profile. The mass remaining after 1 year of litter decomposition for black cherry leaf litter, sugar maple leaf litter, and mixed leaf litter was 69.7% ± 1.8%, 84.6% ± 0.9%, and 72.0% ± 1.1%, respectively. With N addition, the corresponding values increased to 74.0% ± 1.3%, 89.3% ± 0.7%, and 79.7% ± 1.0%, respectively. Clearly, litter decomposition was reduced significantly with N-fertilization (Fig. 4) . This reduction in decomposition did not vary with litter type (Fig. 4) .
Targeted organic matter compound analysis by gas chromatography-mass spectrometry (GC-MS) Total PLFA concentrations (Fig. 5 ) significantly decreased in both O and A horizons indicating a reduction in microbial biomass with N-fertilization. The concentration of PLFAs also declined in the B horizon but not significantly (Fig. 5) . With N-enrichment, the distribution of gram-negative, gram-positive and fungal PLFAs was also altered and all three microbial classes declined markedly (Fig. 5) . When bacteria are faced with substrate constraints or other stresses such as drought, they produce more of the cyclopropane PLFAs as compared to the monounsaturated versions (Bossio and Scow 1998; Feng and Simpson 2009) . A ratio of these PLFAs (cy17:0/ 16:1x7c and cy19:0/18:1x7c) can be compared to ascertain the degree of stress exhibited by microbes. These ratios increased significantly with N-fertilization (Fig. 5) suggesting that microbial stress was enhanced with long-term N-addition.
Several targeted organic matter compounds shifted with long-term N-enrichment ( Fig. 6; Table 2 ). Plantderived steroids, lignin-derived, cutin-derived compounds, acyclic lipids, suberin-derived compounds and simple sugars all exhibited changes in their concentration and storage but to varying extents and depending on soil depth. Plant-derived steroids, which include (x-sitosterol, stigmasterol, sitosterone, stigmasta-3,5-dien-7-one, and campesterol, increased markedly (?132%) and more so than other plantderived compounds ( Fig. 6; Table 2 ). Significant increases were also observed for lignin-, cutin-, and suberin-derived compounds in the O horizon. The 1.00
Significant differences between treatments within each horizon at P \ 0.1 are indicated with an asterisk storage of specific organic matter compounds was also altered in the A and B horizons but not significantly.
Solid-state 13 C nuclear magnetic resonance (NMR) analysis Solid-state 13 C NMR spectroscopy provides an overview of soil organic matter composition but lacks the sensitivity of targeted compound analysis (Simpson and Simpson 2012) . The distribution of various organic matter classes is listed in Table 1 . In each soil horizon, only small or no difference was observed in each of the compound class groups. The most dominant group was the O-alkyl region (50-110 ppm) which contains resonances mostly from carbohydrates and peptides but may have contributions from lignin (methoxyl group; Preston et al. 1997) . Alkyl-C did not vary with N-fertilization, likely reflecting small changes in plantderived waxes and other lipids. Similarly, the aromatic and phenolic C and carboxyl and carbonyl C regions did not exhibit major differences with N-enrichment. The alkyl/O-alkyl C ratio is used to assess the relative degradation stage of organic matter because as oxidative degradation increases, the resonances from more easily degraded substrates will result in a decrease in the O-alkyl signal intensity. These ratios (Table 1) for the A and B horizon were similar and did not provide evidence for any differences in the relative degradation state of organic matter in these horizons. The O horizon reflected a small difference in the alkyl/O-alkyl ratio but this is likely due to the difference in O-alkyl C in this horizon. It is important to note that the error associated with this type of NMR analysis for relative comparisons of different organic matter classes is * 5% (Dria et al. 2002) and indicates that solid-state 13 C NMR lacks the ability to detect small changes in organic matter composition.
Discussion
Impacts on soil organic carbon (SOC) storage and microbial biomass
We observed significant increases in SOC storage in the entire soil profile (O, A and B horizons) after 22 years of N fertilization. Increases in soil C sequestration have been linked to increased litterfall inputs at the soil surface, because N fertilization may increase plant productivity (Aber et al. 1998; Frey et al. 2014) . However, litterfall (2010 However, litterfall ( -2016 in the Control plots was 492 ± 42 g m -2 y -1 , compared to 478 ± 35 g m -2 y -1 in the N-fertilized plots (Fig. 3 ) indicating that aboveground inputs were not enhanced by N fertilization. Additionally, there was no increase in growth rates of aboveground biomass (2005) (2006) (2007) (2008) (2009) between the control plots (7.9 ± 1.0 Mg ha -1 y -1 ) and the fertilized plots (7.3 ± 3.7 Mg ha -1 y -1 ; Fig. 3 ). Interestingly, our study at this same forest that experimentally doubled the annual aboveground litterfall inputs for 20 years did not observe any net gain in soil C storage, because additional plant inputs were decomposed by soil microbiota (Wang et al. 2017 ). This companion study reported a small decrease in SOC with doubling of aboveground inputs and this was attributed to enhanced decomposition, likely due to soil priming, of these additional inputs (Wang et al. 2017) .
We also did not find significant differences in standing root biomass between control and N-fertilized plots at O and A horizons, although we do not know how root productivity or turnover compared between the treatments (Fig. 3) . Therefore, aboveground or belowground plant inputs alone are unlikely to have contributed to the large gains in SOC storage in the O and A horizons. Because SOC in the O horizon is mainly from partially decomposed plant residues, the ?90% SOC accrual is most likely caused by a Fig. 1 Soil carbon storage in control and N-fertilized plots (mean ± standard error; n = 6). Percentages in figures show percent change compared to the control. Significant difference between treatment and control at P \ 0.05 is indicated with an asterisk reduction in SOC processing. To examine this further, soil density fractions were isolated because the light fraction is typically an indicator of plant-derived compounds that are not as degraded as SOC found in the mineral fractions (Sollins et al. 2009 ). In the A horizon, there was a higher mass of light fraction (density \ 1.85 g m -3 ; mainly derived from plant residues) in N-fertilized plots (43.52 ± 3.34 mg C/g soil) than the control plots (19.58 ± 11.52 mg C/g soil; Fig. 2) , suggesting that the plant-derived inputs were less decomposed. This is consistent with observations reported in other studies where N amendments decreased SOC degradation (Frey et al. 2014; Li et al. 2017) .
The combined observations of increased SOC storage, no significant changes in litterfall, and an increase in the light fraction with N fertilization (Figs. 1, 2 and 3) collectively suggest a decline in microbial degradation of soil organic matter. Several studies have demonstrated that N addition to soil can Bacterial biomass -** ---** -
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Microbial biomass -** ---** * Cutin-derived compounds include: short-chain mid-chain-hydroxy acids, C 16 mono-and dihydroxy acids and dioic acids Suberin-derived compounds include: long-chain x-hydroxyalkanoic and dioic acids, and 9,10-epoxy-x-hydroxy C 18 acid Total lignin-derived phenols include: vanillyl (vanillic acid, acetovanillone, vanillin), syringyl (syringic acid, acetosyringone, syringaldehyde), and cinnamyl (p-coumaric acid, ferulic acid) phenols reduce microbial biomass and alter microbial diversity (Feng et al. 2010; Frey et al. 2014; Morrison et al. 2016; Pisani et al. 2015; Ramirez et al. 2012) . We therefore measured microbial PLFAs, which are excellent indicators of microbial biomass and microbial community structure (Bossio and Scow 1998; Feng and Simpson 2009; Frostegård and Bååth 1996; Zelles et al. 1995) . With N fertilization, PLFA concentrations declined markedly in the O and A horizons (Fig. 5) . The decline in PLFA concentrations indicates a reduction in microbial biomass with N fertilization that likely resulted in increased SOC storage. When facing substrate constraints, drought or changes in temperature, bacteria increase production of cyclopropane PLFAs and decrease production of monounsaturated PLFAs (Bossio and Scow 1998; Feng and Simpson 2009 ). We observed that ratios of cyclopropane PLFAs to their monounsaturated precursors (cy17:0/16:1x7c and cy19:0/18:1x7c) and the ratio of total saturated to total monounsaturated PLFAs increased for all soil horizons (all P \ 0.01; Fig. 4 and Table S1) indicating that in addition to a decline in total microbial biomass, microbes were under stress with long-term N fertilization. Shortchain (\ C 20 ) acyclic lipids (including n-alkanes, nalkanols, and n-alkanoic acids) which are Fig. 2 Mineral soil horizons density fractions of control and N-fertilized plots (mean ± standard error; n = 6). Significant differences between treatments within each horizon at P \ 0.05 are indicated with an asterisk Fig. 3 Litterfall, aboveground production, and standing fine root (0-1 mm diameter) mass in control and N-fertilized plots (mean ± standard error; n = 3 plots per treatment; litterfall flux in each plot is the average of data from two 1 m 2 collectors; fine root mass in each plot is the average of data from three 15 9 15-cm-area soil blocks). Significant difference between treatment and control at P \ 0.05 is indicated with an asterisk Fig. 4 Percent mass remaining of leaf litter samples after 1 year of in situ litter decomposition at control and N-fertilized plots (mean ± standard error; n = 12). Mixed leaf litter included 53.8% sugar maple (Acer saccharum Marshall), 29.5% black cherry (Prunus serotina Ehrh.), and 16.7% American beech (Fagus grandifolia Ehrh.) leaf litter. Significant differences between treatment and control at P \ 0.05 are indicated with asterisks predominantly microbially-derived (Otto et al. 2005) , also decreased in O and A horizons (Table S1 ). Consequently, our data indicate that both biomass and subsequent microbially-derived inputs declined with long-term N fertilization. Furthermore, the observed decrease in PLFA concentrations in O and A horizons in our study is greater than decreases reported from most short-term fertilization studies (Liu et al. 2016) , supporting the hypothesis that bacterial and fungal biomass continue to decline with long-term N fertilization (Treseder 2008) . A shift in microbial community composition was also observed with N-fertilization ( Fig. 5 and Table S1 ) in conjunction with decreases in bacteria (both gram-negative and gram-positive), fungi, and actinomycetes. Other studies have also reported altered microbial community composition with N fertilization (Allison et al. 2008; Bhatnagar et al. 2018) . Although the localized physiological mechanisms are not well understood (Treseder 2008) , our results clearly demonstrate marked Fig. 5 Phospholipid fatty acid (PLFA) concentrations and stress ratios in control and N-fertilized plots (mean ± standard error; n = 6). Significant differences between treatment and control at P \ 0.05 are indicated with asterisks Fig. 6 Changes in the storage of plant-derived soil organic carbon components (in g m -2 soil) in control and N-fertilized plots (mean ± standard error; n = 6). Percentages in figures are the percent change compared to the control. Significant differences between treatment and control at P \ 0.05 are indicated with asterisks. Plant-derived biopolymer compounds are underlined. Detailed quantification of specific organic matter compounds is provided in the Supplementary Materials alterations to the microbial community composition and reduced active microbial biomass in O and A horizons with long-term N fertilization (Frey et al. 2014) . These upper layers of soil are where microbial communities thrive and are most active in degradation of plant-derived inputs. Although plant litter inputs did not increase in surface soils with N fertilization, the 1-year leaf litter decomposition, both in single and mixed assemblages, was significantly reduced by N fertilization (P \ 0.001; Fig. 4) . Therefore, multiple observations collectively support that the reduction in microbial biomass suppressed the microbial processing of SOC which resulted in higher SOC storage with N fertilization over time.
Selective preservation of specific soil organic carbon (SOC) components
The suppression of SOC microbial processing also resulted in a large shift in SOC composition and the concentration of specific SOC components (Fig. 6) . Plant-derived steroids (b-sitosterol, stigmasterol, sitosterone, stigmasta-3,5-dien-7-one, and campesterol) increased more than all other studied plantderived compounds (Fig. 6) . Storage of plant-derived steroids increased by 4.57 g m -2
, with increases of ?281%, ?103%, and ?50% in O, A, and B horizons, respectively (Fig. 6) . Summed across the three horizons, the three measured steroids increased by 132% (P = 0.02). The more complex plant biopolymers (e.g., lignin and acid insoluble fraction of plant residues) have been observed to be retained preferentially compared to small extractable molecules during litter decomposition with N addition (Xia et al. 2017) . However, we found that plant-derived steroids, although small molecules, have the greatest percentage increase in storage and contribute significantly to the SOC accrual. This suggests that the componentspecific SOC response to long-term N fertilization is not necessarily a result of the molecular size of the SOC components or the hypothesized chemical recalcitrance of plant-derived compounds. More importantly, these plant-derived steroids represent the largest group of plant secondary compounds and may have antibacterial and antifungal properties (Smania et al. 2003; Adamczyk et al. 2015) . Their concentrations correlated significantly with the SOC content and with indicators of microbial composition (e.g., fungal/ bacterial PLFA ratio) and microbial stress indicators (e.g., cy17:0/16:1x7c; two-tailed Pearson's, all P \ 0.01; Figs. S2 and S3). Taken collectively, our results suggest a new hypothesis wherein accumulation of plant-derived steroids in N-fertilized plots may have suppressed microbial biomass, thus decreasing organic matter decomposition, and subsequently increasing soil C sequestration.
Lignin is the second largest form of plant-derived C after cellulose and a major contributor of aromatic and phenolic components in soils (Kögel-Knabner 2002; Bianchi 2011) . Lignin-derived phenols (including ether-bound vanillyl, syringyl, and cinnamyl phenolics) also increased significantly (?94% in total; P = 0.01; Fig. 6 ) with N fertilization. As with the plant-derived steroids, accrual of lignin-derived phenols occurred in all soil horizons and was most significant in the O horizon (Fig. 6) . The lignin oxidation indicators, i.e., lignin-derived acid to aldehyde ratios of vanillyls and syringyl (Hedges et al. 1988) , did not significantly increase with N fertilization in any horizon (Table S1 ). This observation, together with the overall reduced microbial biomass, demonstrates that lignin oxidation was suppressed with N fertilization. In addition, the slightly increased aromatic and phenolic C in the NMR spectra (Table 1) , mainly originating from lignin and amino acids of peptides (Baldock et al. 1992; Preston et al. 1997) , further confirms the increased preservation of lignin in all soil horizons. The concentration of lignin-derived phenols in previously studied N-fertilized soils has shown a range of responses, including increases (Frey et al. 2014) , decreases (Pisani et al. 2015) , and significant alterations (Feng et al. 2010; Theuerl et al. 2010; Wu et al. 2015) , possibly due to site-specific alteration in microbial community. A recent metaanalysis suggested that short-term increases of ligninderived phenols to N fertilization seem to diminish with longer-term N fertilization (Liu et al. 2016) , and no significant increase in lignin phenols was found in longer-term (14.5 and 16 years) N-fertilized forests (Theuerl et al. 2010; Thomas et al. 2012) . Our results from long-term N fertilization strongly support SOC accrual with significant contributions from lignin. As with the concentrations of plant-derived steroids, the concentrations of lignin-derived phenols correlated significantly with the SOC content and microbial indicators (two-tailed Pearson's, all P \ 0.1; Fig. S2 ) further suggesting that lignin preservation is directly connected to our other observations. The cutin-and suberin-derived compounds are valuable indicators for understanding the relative contributions of aboveground and belowground plant inputs to soil (Angst et al. 2016; Crow et al. 2009; Otto and Simpson 2006) . The storage and accumulation of cutin-derived compounds increased (?59%) more than suberin-derived compounds (?15%; Fig. 6 ). This resulted in an increase in the cutin to suberin ratio in N-fertilized soils (P O-horizon = 0.06; Table S1 ). Hence, N fertilization increased contributions from aboveground plant C more than contributions from belowground plant C. Thus, the compositional shift in SOC retains more of a signature characteristic of aboveground plant inputs over belowground inputs in N-rich forests (Wu et al. 2015; Peng et al. 2017) . Similarly, the long-chain acyclic lipids (CC 20 ; including n-alkanes, n-alkanols, and n-alkanoic acids; mainly derived from aboveground plant inputs in this forest (Wang et al. 2017 ) also showed higher accrual compared to the suberin-derived compounds (Fig. 6 ). This observation further supports the shift of SOC composition to higher contributions from aboveground inputs. In addition, the alkyl C in the NMR spectra, mainly originating from plant cutin, suberin, waxes, and microbe-derived lipids in the soil, was slightly higher in N-fertilized plots than the controls for O horizon but was similar between control and N-fertilized plots for A and B horizons (Table 1) . This observation also supports the finding of increased preservation of cutin, suberin, and long-chain lipids in the O horizon. The increased plant cutin, suberin, and long-chain lipids in the A horizon were not captured by the alkyl C in NMR spectra likely because 13 C NMR spectra do not detect subtle changes to SOC whereas targeted biomarker analyses are more sensitive for measuring SOC composition (Simpson and Simpson 2012) .
Polymeric carbohydrates, such as cellulose, are the most abundant form of plant inputs (Kögel-Knabner 2002; Bianchi 2011) .
13 C NMR analysis showed that the O-alkyl C (mainly derived from cellulose) decreased with N fertilization for all horizons (Table 1 ). The decreased cellulose-derived O-alkyl C may be explained by the N-stimulated cellulase enzyme activity and selectively accelerated cellulose degradation (Hobbie et al. 2012; Thomas et al. 2012) . Similarly, the simple carbohydrates (including mannose, glucose, sucrose, and trehalose) did not increase significantly with N fertilization (Fig. 6) . This is likely due to accelerated sugar degradation with N fertilization and is consistent with the observed O-alkyl C degradation. However, different from the O-alkyl C, the sugars were slightly lower in the A horizon and slightly higher in B horizon. In the A horizon, these changes coincide with the highest degree of stress in bacteria indicated by the PLFA stress ratios (Fig. 5) as well as a significant decrease in PLFA and microbial short-chain lipids storage (Table 2) . Thus, the lack of favorable microbial substrates, such as cellulose and related carbohydrates, in the A horizon may also be responsible for the large microbial suppression in this horizon (Billings and Ziegler 2008; Watzinger 2015; Müller et al. 2017) . The small increase in sugar storage in the B horizon with N fertilization may also be due to leaching of these compounds from the O and A soil horizons. Overall, carbohydrates, either in polymeric or simple form, displayed the least accrual with N fertilization in all studied plant-derived SOC components.
Implications for biogeochemical processes and ecosystem services
Here, we demonstrate that the 22 years of N fertilization reduced the microbial processing and altered the biogeochemistry of several specific SOC components. The component-specific SOC accrual did not directly link to the molecular size but appeared to associate with SOC composition or antimicrobial properties and sources. We found higher contributions of relatively stable or antimicrobial plant-derived compounds (e.g. steroids, lignin, cutin, long-chain lipids, and suberin) over microbial-derived compounds (e.g., PLFAs and short-chain lipids) and relatively labile plant-derived compounds (e.g., carbohydrates). A recent study reported that N fertilization increased soil organic matter accumulation without altering its biochemical composition (Zak et al. 2017 ). Although we used more detailed molecular techniques to investigate the composition of SOC with long-term N fertilization, the disparity in reports also highlights the varying responses of different forest ecosystems. For example, Gallardo and Schlesinger (1994) reported increases in microbial biomass with short-term N fertilization but also identified the importance of other limiting nutrients, such as phosphorus. Additionally, variations in accrual across SOC components may partially explain why SOC from different forests, which are expected to vary in biochemical composition due to differences in tree species composition, forest age and disturbance history, soil characteristics, and climate, display inconsistent total SOC responses to N fertilization (Janssens et al. 2010; Lu et al. 2011; Frey et al. 2014; Yue et al. 2016) .
Anthropogenically-accelerated global N deposition in forests will certainly continue in the coming decades (Lamarque 2005) , resulting in a suppression of microbial biomass and shifts in microbial community composition that will subsequently hamper microbial processing of SOC and slow down C cycling. Increases in forest soil C might be perceived as a benefit, given the large amount of C stored in forest soils, and that small percentage changes in storage rates will translate to meaningful global C budgetary contributions. However, concomitant with SOC storage, reduced decomposition will alter additional variables. For example, nutrient release from soil organic matter will decrease, which will decrease soil fertility thus altering ecosystem productivity and forest biomass C sequestration. Overall, long-term N deposition shifts the fundamental biogeochemical cycling via not only alteration in SOC quantity but also its molecular composition. Alteration of SOC quality may influence additional biogeochemical processes. For example, accumulation of the antimicrobial and more difficult to degrade SOC components may alter soil microbiota and their ability to process SOC. Furthermore, altered accrual of specific SOC components will make the response of forests to continued N deposition more difficult to predict given that these components respond uniquely and precisely to changes in climate (e.g., temperature and precipitation (Pisani et al. 2015; Greaver et al. 2016) ) and may react differently with inorganic soil components (e.g., minerals and nutrients). This work highlights critical linkages between C and N cycles and exemplifies that N deposition can alter the rates of organic matter decomposition, thus influencing a host of important ecological processes that control forest productivity. Additionally, we demonstrate that quantifying global C budgets needs to consider dynamic environmental changes that will alter rates of C processing and storage over time, and that concerted efforts to manage soil C, such as through N fertilization, need to be evaluated more holistically.
